The effect of postnatal undernutrition on the catecholamine and serotonin contents of various parts of the brain of suckling rats was examined. Undernourishment was induced by increasing the litter size to 18 pups from day 1 to 21 after birth. In control pups, the total amounts of norepinephrine and dopamine in the whole brain increased greatly during the suckling period (norepinephrine: 17.7ng at birth, 154ng on day 10, and 420ng on day 21; dopamine: 12.6ng at birth, 269ng on day 10, and 1,022ng on day 21). Similar, but less marked increases in the norepinephrine and dopamine contents of the brain were observed in malnourished pups. The norepinephrine contents of the forebrain, cerebellum, and brain stem of malnourished pups were comparable with those of normal pups on day 10 but the contents of the cerebellum and brain stem were significantly less than those of normal pups on day 21. Postnatal malnutrition also led to a significant decrease in the dopamine content of the forebrain. In contrast, the serotonin content of the brain of undernourished pups was significantly higher than that of controls. The activities of tyrosine hydroxylase in the forebrain and brain stem of control pups at the end of suckling period were significantly higher than those of undernourished pups (forebrain: 18.3pmol in controls and 11.5 pmol in malnourished pups; brain stem: 12.3pmol in controls and 9.8 pmol in malnourished pups). The tyrosine hydroxylase activity (pmol/g) correlated more closely with the norepinephrine content than with the dopamine or norepinephrine plus dopamine content. The tyrosine and phenylalanine contents of the brain were similar in the two groups. It is concluded from these findings that the catecholamine content of the brain is regulated by the enzyme activity rather than the levels of precursor amino acids. Keywords brain catecholamine (CA), serotonin, tyrosine hydroxylase, early postnatal malnutrition, lactation, brain free amino acids 279
The brain of rats grows rapidly just after birth and nutritional deficiency during this critical period results in morphological or maturational growth retardation of the brain, although this is less pronounced than retardation of somatic growth (1) (2) (3) (4) (5) . Moreover, there is evidence that the normal growth rate and the growth response to malnutrition differ in different regions of the brain (6) .
Aminergic neurons are located in particular regions of the brain and are involved in a variety of physiological functions. Loizou and Salt (7) suggested that the increases in monoamine concentrations in the brain during development result from proliferation of axon terminals. Ontogenetic increases in brain monoamines are greater in the early postnatal period than in utero, suggesting that growth and maturation of the central aminergic system are mainly postnatal events (8) (9) (10) (11) (12) .
The influences of early postnatal undernutrition on the norepinephrine, dopamine, and serotonin contents of rat brain have been studied by many investigators (11, (13) (14) (15) , but results have not been consistent. Therefore, we examined the effects of undernutrition on the monoamine contents of different regions of the brain of suckling rats and studied their correlation with changes in precursor amino acids and tyrosine hydroxylase activity.
MATERIALS AND METHODS
Virgin rats of the Sprague-Dawley strain, weighing about 160g, were obtained commercially, and were fed a 20% casein diet until they weighed about 190g. Then they were mated with males of the same strain. Pregnant rats were given the 20% casein diet ad libitum to term. The time of delivery was checked daily. All litters were born on day 21 or 22 of pregnancy. At birth the litter size was adjusted to 6 or 18 pups by removing or adding pups born on the same day.
The food intake of lactating dams and the body weights of the dams and pups were measured daily. Serotonin (5-HT) and 5-hydroxyindole acetic acid (5-HIAA) in the brain were measured fluorometrically (18) .
Tyrosine hydroxylase was assayed radiometrically by the procedure of Croll et al. (19) , which involves the conversion of 3H-tyrosine via 3H-DOPA to 3H-DA in the presence of aromatic L-amino acid decarboxylase. The 3H-DA was selectively extracted into 3-heptanone as a complex with Kalignost (sodium tetraphenyl borate), and was counted in a scintillation spectrometer.
DNA in the brain was measured spectrophotometrically (20) . Protein was determined by the method of Lowry et al. (21) in the solution obtained by hydrolysis with 0.3 N KOH during DNA determination. Free amino acids in the brain and plasma were determined with an automatic amino acid analyzer.
RESULTS
Food intake of dams and changes in body weight of dams and pups
In the 20-day lactation period the total food intakes of dams rearing 6 and 18 pups were 511 and 639g, respectively (Table 1) . Although the dams nursing 18 pups ate significantly more food than the control dams, their body weight decreased slightly during lactation. Changes in body weight of the suckling pups are shown in Table 1 . The body weight of control pups increased rapidly from 5.3g at birth to 38.4g on day 21, while that of malnourished pups increased less. The differences in body weight of the two groups became significant after day 4 of suckling and the body weight of malnourished pups was only 60% that of the controls on day 21.
Organ weight, carcass composition, and day when eyes opened
The organ weights of normal and malnourished suckling rats are shown in Table 2 . On days 10 and 21, the respective organ weights of the malnourished pups were significantly less than those of the controls. The weights of the forebrain, cerebellum, and brain stem of malnourished pups were also significantly less, except for that of cerebellum on day 10. Analyses of the water, nitrogen and fat contents of the carcass showed that malnourished pups had a higher water content and lower protein and fat contents than control pups on days 10 and 21 (data not shown). These findings indicate that the deprived animals were chemically immature.
In addition to physical and biochemical growth retardation, functional impairment was also seen in the malnourished group; for example, the eyes of malnourished pups opened on day 18, whereas those of controls opened on day 16.
Protein and nucleic acid contents of suckling rat brain Table 3 shows the protein and DNA contents of suckling rat brains. In the well-nourished group, the total DNA content increased appreciably in all regions during suckling. The DNA contents of the forebrain, cerebellum, and brain stem on day 21 were, respectively, 2.3, 16, and 3.4 times higher than those at birth (22) . Proliferation of cerebellar cells was associated with increases in both cell density (DNA concentration) and tissue mass (cerebellar weight). The total DNA contents of all regions of the brain of undernourished pups also increased ontogenetically, but significantly less than in controls. Changes in serotonin and 5-hydroxyindole acetic acid contents of suckling rat brains In control pups, the total amount of 5-HT in the whole brain increased rapidly in the early postnatal period and thereafter remained unchanged (Table 4) . Undernourishment during suckling resulted in increased concentrations and total contents of 5-HT in the whole brain and in different regions of the brain. In both groups, the total amount of 5-HIAA in the whole brain increased markedly throughout the suckling period. The respective amounts of 5-HIAA in various regions of the brain on days 10 and 21 were similar in control and malnourished pups except that the amount in the forebrain on day 10 was less in malnourished pups.
Regional changes in norepinephrine, dopamine, and tyrosine hydroxylase in suckling rat brain
The NE and DA contents and TH activity in rat brain on days 10 and 21 after birth are shown in Table 5 . As reported previously, the concentrations and total amounts of NE in the forebrain, cerebellum, and brain stem of neonates were 70, 92, and 130pg/mg and 7.73, 2.96, and 7.04ng, respectively (22) . Since both the concentration of NE and the tissue mass increased, the total amounts of NE in the At birth the concentrations of DA (pg/mg) in the forebrain, cerebellum, and brain stem are 69, 70, and 49, respectively, and the total amounts (ng) are 7.63, 2.27, and 2.67, respectively (22) . Both the concentration and the total amount of DA increased greatly in the forebrain of normal pups during suckling: on day 21 the total amount was 982ng, constituting 96% of that in the whole brain, and representing about 130 times the amount on day 1. A similar, but less marked ontogenetic change in the DA content of the forebrain was seen in undernourished pups. In both groups, the postnatal increase in the DA content of the brain stem was moderate, and that in the cerebellum was very slight.
The total activities of TH, expressed as pg of dopamine formed for 30 min, in the forebrain, cerebellum, and brain stem of normal neonates were found to be 0.62, 0.43, and 0.39, respectively (22) . On day 21 of life, the total activities in the forebrain and brain stem were about 30-fold those at birth, reflecting high NE or DA contents in these regions. On the contrary, the activity in the cerebellum was very low and showed no ontogenetic change. In undernourished pups the TH activities in the forebrain and brain stem also increased ontogenetically, but on day 21 they were significantly less than in controls. 
DISCUSSION
In the present investigation early undernutrition was induced by increasing the litter size to 18 pups. On day 21 of life, the body and organ weights of these malnourished pups were significantly less than those of controls, and the pups were chemically immature judging from their water, fat, and protein contents. Although it has been established that developing brain is highly resistant to maternal malnutrition during gestation and/or suckling (23) (24) (25) , the brain of our malnour ished pups showed considerable growth impairment, indicating that the pups were severely undernourished.
Vol. 26, No. 3, 1980 Measurements of the weights and total DNA contents of different parts of the brain indicated regional differences in growth retardation in malnourished pups, the cerebellum being the most affected. This may be because proliferation of neuronal cells occurs mainly before birth in the forebrain and brain stem, but after birth in the cerebellum (2) .
Neurotransmitter amines in the central nervous system are present in specific aminergic neurons which are located in particular regions of the brain. Since regional differences are seen in growth retardation of the brain in undernourished rats (6) , it seemed to be interesting to examine whether specific neurons are affected by malnutrition. Previously we reported that the catecholamine content of normal fetal brain increased from 21ng on day 18 of gestation to 52ng at birth (22) . However, there are many reports that the monoamine content of developing brain increased far more rapidly just after birth than before birth. Loizou (26) As mentioned above, the suckling period is a critical period for development of aminergic neurons: in other words, malnutrition in this stage may have a marked effect on growth of these neurons. The combined effects of prenatal and early postnatal undernutrition on brain monoamine contents were investigated by several workers, but the results obtained were conflicting. Stern et al. (11) examined the ontogenetic changes of 5-HT, 5-HIAA, and NE in normal and protein malnourished rats from birth to 300 days of age and found significantly elevated brain levels of monoamines and 5-HIAA in the undernourished group. On the contrary, Sereni et al. (27) observed a reduction of the CA level in the brain of undernourished rats. Ramanamurthy (15) also examined the developmental changes in brain monoamines in normal and undernourished pups from birth to 35 days of age and concluded that there was no difference between the two for 7 days after birth, but that from day 14 the malnourished group showed significantly lower levels of these monoamines. Shoemaker and Wurtman (13) did not detect any change in brain catecholamine concentration in undernourished rats, but found that the total amounts of NE and DA were low because the brain weight was reduced. Ahmad and Rahman (14) could not detect any effect of malnutrition on brain transmitter amines in 42-day-old rats. In the present study, the levels of NE and DA in different regions of the brain of control and undernourished pups were comparable on days 10 and 21, except that the NE concentrations in the cerebellum and brain stem of malnourished pups were lower on day 21. Our results are similar to those of Ramanamurthy, though the changes were less marked, probably because our animals were undernourished only during the suckling period, not during gestation and the suckling period.
Unlike the levels of CAs, the level of 5-HT in the brain of undernourished pups was significantly higher than that in controls, in accord with the result of Stern et al. (11) .
Finally, the lower levels of CAs in the brain of malnourished pups should be considered in relation to the concentration of precursor amino acids and the activity of the rate-limiting hydroxylating enzyme. As shown in Table 6 , the concentrations of free tyrosine and phenylalanine in normal and malnourished pup brains were identical, indicating that reduced levels of brain CAs, if any, were not due to a decrease in the precursor pool size. On the other hand, there was a highly significant correlation between TH activity and NE concentration as seen in Fig. l ; the correlations between TH activity (Y, pmol/g) and DA and NE+DA were less significant. The regression equations are as follows: Vol. 26 (29), and Schmidt and Bhatnagar (30) also found significant correlations between the TH activity and the concentration of NE in various regions of the brain. Thus, from these investigations and the present work we conclude that decreases in NE and DA in the brain of malnourished pups are associated with a decrease in TH activity and that the brain CA content is primarily regulated by the level of enzyme activity, not by the content of precursor amino acid. 
